General
. Radiation type abbreviations used in the decay scheme tables attention in the present work is confined principally to parent nuclides with half-lives 2': 10 min, 1 min is used as the minimum half-life a level in a daughter nuclide can have and still be 3.1.1 The tables include data for each of the radionuclides considered in ICRP Publication 30, Parts 1,2, and 3. In addition, although only parent radionuclides with half-lives greater than 10min were included in ICRP Publication 30, several radionuclides with half-lives less than 10 min are included here because of their medical interest or because they are daughter radionuclides.
Likewise, a few radionuclides with half-lives greater than 10 min that are not listed in ICRP Publication 30 are given in this compilation; in these instances, input data from ENSDF were not available. More recently, data for 82Sr, 95mTc, 95Tc,and 204TIhave been obtained from Kocher (1981) and in other cases from original published data. The tables are arranged in order of increasing atomic number. Within a given atomic number, the radionuclides appear in order of increasing mass number.
3.1.2. The tables of output data are reproduced directly from computer printout. Standard computer scientific notation is used. For example, 3.06E-06 is to be interpreted as 3.06 x 10-6 • There are four columns of information for each radionuclide. The first column identifies the type of radiation being considered. The next column, labelled y(i), provides the corresponding mean number of events per nuclear transformation. The unit, (Bq-s) -1, given for the second column is equivalent to transformation -1. In the third column, labelled E(i), the corresponding transition energy in million electron volts (MeV) is listed. This value will be accompanied by an asterisk if the value is a weighted average over several discrete transitions of similar energy or if it is an average over a continuous distribution of energies. The fourth column, labelled y(i) x E(i), is simply the product of y(i) and E(i) values; it is the average energy emitted per transformation for the associated radiation type specified in the first column.
3.1.3. A date appears at the beginning of the data for each radionuclide. This is the date when the primary input from ENSDF was last reviewed and updated. Only published results that appear in the literature prior to this date are reflected in the input data for the radionuclide.
3.1.4. The designations of radiation types are sometimes abbreviated in order to conserve space. The generic form of all abbreviations used in the tables is shown in Table 3. 3.1.5. At the conclusion of every table there is an indication of whether the daughter nuclides are stable or radioactive; when there is more than one daughter nuclide resulting from two or more modes of decay, the branching fractions (i.e., the fraction of the total number of decays proceeding by each mode) are also given. This information alerts the user to the fact that daughter radiations may need to be considered in dosimetric calculations. For nuclides that have multiple transformation modes, the branching fractions will not always sum to exactly 1, because of experimental uncertainties in measurements of the branching fractions. There are cases where one mode has a yield of essentially 100% but is accompanied by a second very low-yield mode; in such cases, if the branching fraction associated with the principal transformation mode is not given explicitly, a default value of 1.0 is implied.
3.1.6. If a radionuclide decays to an isomeric level in a daughter nucleus, the fraction of the transformations that feeds the isomeric level and the fraction that feeds the ground state are given separately at the conclusion of the data Description of radiation type
The standard Siegbahn notation used to designate K-and L-seriesx rays. For low atomic numbers,the K-and L-series x rays are sometimes not broken down into separate components but are simply designated K or L x rays.
KLL, an Auger transition with an initial vacancy in the K shelland two resultant vacanciesin the L shell. It is actually a compositeof severalAugertransitions of similar energy becausethere are three subshellsin the L shell. Similar definitions apply to the other Auger transitions listed; X and Y refer to any shell higher than the L shellfor K seriesAuger transitions and to any shell for Land M seriesAugertransitions.
Residual low-energy radiation (mostly Auger processes)for which theory cannot easilyspecify individual discrete transitions.
Gamma rays, where i is a sequential index ordered according to increasing gamma-ray energy Annihilation photons from the annihilation of positrons and electrons. Each of the two annihilation photons is assumed to have an energy of0.511 MeV; that is, annihilation at rest is assumed.
Beta-plus particles, where i is a sequential index ordered according to increasing beta-plus end-point energy.
Same as P+i except for beta-minus particles.
Internal conversion electrons associated with the gamma ray having sequential index i. K and L 1 refer to internal conversion in the K and L 1 shells, respectively; N+ refers to internal conversion in the N and higher shells. Analogousdesignationsapply to other shells or subshells.
Alpha particles, where i is a sequential index ordered according to increasing alpha-particle energy.
Recoilatom associatedwith the immediatelypreceding alpha particle.
Spontaneous fission neutrons, fragments, prompt gamma rays,delayedgamma rays,and beta particles. In all cases, the energies associated with the SF radiations are averaged over a continuous spectrum of energies. considered isomeric. This is justified because daughter levels with half-lives <0.1 times that ofthe parent will almost certainly be in secular equilibrium with the parent and will decay with an effective half-life determined by the parent. 3.1.7. At the beginning of a data table, the modes of decay are given. The decay modes are abbreviated as follows: (X (alpha), EC (electron capture), p+ (beta plus), p-(beta minus), IT (isomeric transition), and SF (spontaneous fission). In the multiple decay mode cases, the modes of decay all appear on a single line, separated by commas. The data that follow are sequenced according to the order of the decay modes. For example, suppose the decay modes are given in the following order: (x, EC, e>. The data for all transitions associated with the alpha decay will appear first in the table; they will be followed by the data for the transitions associated with the electron-capture decay and subsequently by the transitions associated with the beta-minus decay. If more than one mode of decay has associated gamma rays, the sets of gamma rays associated with each decay mode will be indexed separately beginning with Y1'. The user can tell easily to which mode of decay a particular gamma ray belongs by its location in the data table. The x rays and Auger electrons concomitant with all of the electron-capture events and internal conversion of gamma rays are grouped together following the last gamma-ray entry for the corresponding transformation mode; if there are no gamma rays, the x rays and Auger electrons are the only entries for an electron-capture process. The only exception to this scheme concerns the x rays and Auger electrons associated with beta plus and electron capture if both are simultaneously present. Since beta plus and electron capture are competitive transformation modes leading to the same daughter nuclide, a single grouping of associated x rays and Auger electrons is listed after the other radiations associated with the second of these two modes are listed. Annihilation quanta data are always listed in a single line immediately following the data for the last beta-plus radiation.
3.1.8. Electron capture and beta-plus emission are competitive decay modes that lead to the same daughter nuclide. If the parent and daughter energy levels differ by less than twice the rest-mass energy of an electron (1.022 MeV), only electron capture is possible; otherwise both electron capture and beta-plus emission occur. Ifboth electron capture and beta-plus emission are possible, the relative yields ofthe two processes may be such that sometimes only one of the two modes of decay is listed. This situation willlead to an apparent discrepancy between the present tables and the corresponding data on decay modes given in decay chains shown in Supplements 1,2, and 3 to I CRP Publication 30. Only beta-plus and electron-capture transitions of sufficient intensity to be included in the ENSDF decay data sets are reflected in these tables, whereas in Supplements 1,2, and 3 to ICRP Publication 30, both electron-capture and beta-plus decay modes are listed if beta-plus emission is energetically possible; theory indicates (Konopinski and Rose, 1966 ) that in these circumstances, both decay modes are always present, although the transition probability for one decay mode may be minuscule in comparison with the other. Table Size 3.2.1. For many radionuclides, the full list of emitted radiations becomes quite long. In order to keep the present tables within reasonable size limitations, it has been necessary to omit radiations for numerous radionuclides that contribute below a specified percentage cutoff value of energy emitted per transformation. In implementing such a cutoff scheme, all radiations other than those associated with spontaneous fission (see Section 2.7) are placed in one of three categories, and the cutoff is applied separately to each category. The three categories are (1) gamma rays, x rays, and annihilation quanta; (2) beta particles, internal conversion electrons, and Auger electrons; and (3) alpha particles and recoil nuclei. This categorization, based essentially on the penetrating power of the various radiations, prevents omission of low-yield radiations that may be dosimetrically important; for example, under some conditions low-yield gamma rays may be responsible for the entire genetic dose if they are the only penetrating radiation and there is little or no concentration of the radionuclide in the gonads.
Limiting
3.2.2. The percentage cutoff value used for each of the three radiation categories varies depending upon the length of the full list of emitted radiations. If the number of lines of the full list of radiations is~32,the cutoff percentage is set to zero. Ifthe number of lines of the full list of radiations is > 32, then the cutoff percentage is initially set at 0.1 for each category. Then, if necessary, the percentage cutoff is increased in 0.1 increments until the number of radiations contributing more than the cutoff percentage to the equilibrium dose, summed over the three categories of radiations to which the cutoff percentage is separately applied, is~175.
3.2.3. A considerable amount of information concerning neglected radiations (i.e., omitted from the tabulations) can be inferred from the tables, because radiations of a particular type are consecutively indexed according to increasing energy. For example, in the case of gamma rays, if Ys is missing from the output table, it contributes less than the cutoff percentage to the energy emitted per transformation in the category consisting of gamma rays, x rays, and annihilation quanta; a well-defined range of energy within which Ys must lie is obtained from the listed energies of Y7 and Y9' This datum, along with the cutoff percentage used, which, if greater than zero is always given at the conclusion of the table of output data, allows one to compute an upper bound on the yield of Ys.
3.2.4. In addition, at the conclusion of each data table, the energy emitted per transformation by the listed radiations for each of the three major radiation types is given. This allows one to tell at a glance which types of radiation are likely to be most important in dosimetric calculations. The total energy emitted per transformation by all listed radiations is also given.
3.2.5. The above-described cutoff procedure for reducing the size ofthe present tables was not employed in the computations that led to the annual limits on intake (ALI) and derived air concentration (DAC) values of ICRP Publication 30; in those computations. no radiations were ever neglected. At the same time, very few if any of the ALI and DAC values would be changed if the present cutoff procedure had been used.
The Decay Scheme Drawings
3.3.1. The decay scheme drawings are simplified in that radiations that contribute less than the cutoff percentage to the energy emitted per transformation of the parent (see Sections 3.2.1 and 3.2.2) are generally not shown. For a very low-yield transformation mode, the principal radiations associated with the mode are shown even if all radiations of the mode fall below the cutoff percentage. The level energies are to scale for a particular transformation mode. However, if there are multiple modes, the energy scales will be different for each; this means that one cannot ascertain which of two daughter ground states is lower in energy simply by looking at the drawing. These drawings are only intended to give the user an easily comprehended overview of the principal radiations involved in the transformation process. The goal has been maximum visual clarity of each mode; in numerous cases this precludes choosing the same energy scale for all of the transformation modes.
3.3.2. The symbol EC seen on many of the drawings refers to electron-capture decay. The subscript indices shown on the drawings for the iX, p+, P-, and y transitions are to be associated with the corresponding indices on the iX, p+, P-, and y transitions listed in the table associated with the radionuclide. This correspondence makes it a simple matter to associate numeric values of energy and yield with transitions shown on the drawing.
3.3.3. For several reasons, the transitions associated with entries appearing in the tables may be absent from the drawings. It may be, for example, that the placement of a gamma ray in the level scheme of the daughter nuclide is unknown; if such a gamma ray is sufficiently intense, it will appear as an entry in the data table but will be missing from the drawing. A similar remark applies to iX, p+ , and Ptransitions, although much less frequently.
3.3.4. Conversely, it may happen that transitions shown on the drawings do not have a corresponding entry appearing in the data table. This may occur, for example, when a gamma-transition yield is quite low but the associated internal conversion electrons are of significant intensity. In such a case, there will be one or more entries in the table for conversion electrons associated with the gamma ray but no entry for the gamma ray itself.
3.3.5. It also may happen that a gamma transition from a particular nuclear level of the daughter is of sufficient yield to be included in the table of output data but there is no alpha or beta or gamma transition feeding this level that is of sufficient yield to be included in the table. In this circumstance, the alpha or beta transition to such a level is included in the drawing. It is important to realize that the alpha or beta transition feeding the level may well be comparable in yield to the gamma transition depopulating the level (thus assuring intensity balance at the level) and, at the same time, conditions are such that the alpha or beta particle is omitted from the data table while the gamma transition is present in the data table; this happens because alpha particles, beta particles, and gamma rays are in different major categories of radiations to which the cutoff scheme is applied separately. Hence, it is reasonable to include the alpha or beta transition in the drawing for this case; otherwise, the drawing erroneously appears to have an intensity discontinuity at the level in question. 3.3.6. The converse of the situation described in Section 3.3.5 may occur. For reasons analogous to those stated in Section 3.3.5, the most intense gamma ray that depopulates the level involved has been included in the decay scheme drawing. At least one gamma ray will always be shown depopulating an excited nuclear level unless the level is an isomer with a half-life greater than 1 min or unless no gamma rays depopulating the level have been observed.
3.3.7. A few nuclides of high atomic number decay partly by spontaneous fission. The spontaneous fission mode is indicated by a short arrow pointing downward from the parent nuclear level. The letters SF appear near the arrow.
